Hurler syndrome (MPS1H) is a progressive inborn error of mucopolysaccharide metabolism leading to premature death. Allogeneic hematopoietic cell transplantation (HCT) can achieve stabilization and improve long-term survival. However, large studies have shown that preparative regimen-related toxicity (RRT) and graft failure rates have been relatively high. We transplanted five Hurler children with a fludarabine-based conditioning regimen, consisting of fludarabine/busulphan/ATG for matched family donor (MFD), with the addition of melphalan for mismatched family donor and matched unrelated donor (MUD) transplantations. Median age at HCT was 27 months (range 10-36). The source of stem cells was bone marrow in one MFD and CD34-selected PBSC in four patients. Median CD34 þ cell dose was 25 Â 10 6 /kg (range 11.5-54). No RRT 4grade II was observed. All patients are surviving at a median of 32 months (range 14-41) and show sustained donor engraftment with 3/5 having full donor chimerism, and 2/5 mixed chimerism (485%). We conclude that this regimen is feasible and has low toxicity in Hurler children. In combination with high doses of CD34 þ selected cells (410 Â 10 6 /kg) and donor lymphocyte infusions, stable engraftment could be achieved in unrelated and mismatched related transplantations. Bone Marrow Transplantation (2005) 35, 265-269.
donor lymphocyte infusion; fludarabine Hurler syndrome (MPS1H) is an autosomal recessive inborn error of metabolism due to a deficiency of alpha-L-iduronidase activity. Clinical manifestations include hepatosplenomegaly, progressive mental deterioration, hydrocephalus, cardiac disease with coronary insufficiency, airway compromise, vision and hearing impairment, and severe skeletal deformations. Untreated patients develop progressive mental retardation and multisystem morbidity with a median life expectancy of 5 years. 1 Enzyme replacement therapy (ERT) is of limited benefit in patients with MPS1H as the enzyme does not freely cross the bloodbrain barrier though it could ameliorate limitations in joint range of motion, pulmonary function, and in the airway. To date, hematopoietic stem cell transplantation (HCT) from an allogeneic donor represents the only proven therapy that can prolong survival and either reverse or stabilize disease manifestations. [2] [3] [4] However, over the years it has been shown that these patients are especially prone for two complications of allogeneic HCT: graft failure and regimen-related toxicity (RRT). As reported by the North American Storage Disease Collaborative Study Group, the likelihood of graft failure was 15% in cases of HLA fully matched sibling donor and up to 37% when an unrelated donor was used. 2, 3, 5 Although the preparative regimens of these studies varied, both over time and between transplant centers, most patients received a combination including busulphan and cyclophosphamide with or without T-cell depletion of the graft. Cyclophosphamide predominantly has been included in preparative regimens for its potent immunosuppressive activity. However, in combination with busulphan and TBI, regimen-related toxicities including the lungs have been significant. Specific metabolites of cyclophosphamide are associated with increased toxicity and mortality after conditioning, especially in combination with total-body irradiation, 6 where cardiac toxicity is especially dangerous for Hurler patients. These experiences provide the rationale to substitute cyclophosphamide with less toxic immunosuppressive agents that have the potential to mediate sustained engraftment after allogeneic HCT. Fludarabine is a purine analog with known inhibitory effects on lymphocyte proliferation. This drug has shown very few extramedullary toxicities in dose ranges between 90 and 125 mg/m 2 , although side effects involving the central nervous system are known to occur at higher doses. 7, 8 To ensure sufficient myeloablation for engraftment of T-cell-depleted PBSC, melphalan was substituted for cyclophosphamide because of its lower cardiotoxicity. 9 The goal of this study was to determine whether a combination of 180 mg/m 2 fludarabine and 16 mg/kg intravenous busulphan over 4 days 7140 mg/m 2 melphalan and ATG can provide sustained engraftment after allogeneic HCT from related and unrelated donors without an increased incidence and severity of transplant-related complications.
Patients
All patients had signs and symptoms consistent with Hurler syndrome. The diagnosis was confirmed by increased excretion of dermatan and heparan sulfate in the urine and deficiency of alpha-L-iduronidase activity in leukocytes. Patient characteristics are presented ( Table 1 ). The parents of all patients were aware of the experimental nature of the treatment and gave their informed consent to it.
Donors and grafts
Except for patient 1, a HLA-matched family donor could not be found. In patients 2 and 3, the mothers were chosen. In patient 2 the mother had only one DR allele mismatch and in patient 4 she had a 3/8 antigen mismatch. In patients 4 and 5, we chose an unrelated donor. Patient 5 had an HLA-C mismatch and patient 4 was a full 10/10 antigen match ( Table 2) . No Class-I high-resolution typing was performed at the time. After informed consent, the donors 2-5 underwent peripheral blood stem cell collection after G-CSF mobilization.
All apheresis products were T-cell depleted by positive magnetic selection of CD34 þ cells using the CliniMACS sorting device (Miltenyi Biotec, Bergisch Gladbach, Germany). The median cell doses transplanted were 25 Â 10 6 CD34 þ cells/kg (range 19.5-54) and 3.8 Â 10 4 CD3 þ cells/kg (range 1.3-5.9).
Transplantation procedure and engraftment
All patients were prepared using fully myeloablative regimens. All patients were given intravenous busulphan (Busulfex 40 mg/kg). In patients 3, 4, and 5, melphalan (4 mg/kg, day À5) was added as a HLA-mismatched or unrelated donor was used. The high dose of Busulfex s (16 mg/kg), which is equivalent to 20 mg/kg of oral busulphan, was given because all patients were under 3 years of age. Infusion of the thawed CD34 þ cells (patients 2-5) or fresh bone marrow (patient 1) was tolerated without side effects. Patient 1 received cyclosporin A as GvHD prophylaxis until day þ 120. In patients 2-5, no additional GvHD prophylaxis was given after transplantation, but cyclosporin A was given during conditioning (days -10 to -1, 1 mg/kg/day divided in two doses) to reduce cytokine release. 10 Granulocyte engraftment was seen in all patients, with a median time to reach 40.5/nl granulocytes after 16 days. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Platelet counts 450/nl were reached after a median of 20 days. Details are given in Table 2 .
Outcome
All five patients transplanted for MPS1H are in ambulatory care, with a median follow-up of 32 months (range 14-41). In patients 4 and 5, a cytomegalovirus reactivation necessitated antiviral therapy. Acute GvHD 4I was not seen, all patients are free of chronic GvHD. No serious infections were observed. In patient 2, a subdural hematoma on day þ 6 after HCT required surgical intervention, but no long-term adverse sequelae were observed.
All patients have a donor chimerism 485%. In patients 2, 4, and 5, donor-lymphocyte infusions (DLI) were administered due to decreasing donor chimerism (see Table 3 ). Two DLI were given in patients 2 and 5, and one DLI in patient 4 (median CD3 þ cell dose 3 Â 10 4 /kg). All patients have stable graft function; patient 4 experienced a transient thrombopenia requiring one platelet transfusion, the thrombopenia resolved spontaneously.
Biochemical investigation of leukocyte iduronidase showed normalized or increased activity after HCT, depending on the donor. In patients 2 and 3, where the heterozygous mothers served as donors, iduronidase activity was about 50% of normal. Glycosaminoglycan excretion, which was increased before HCT, returned to normal values after HCT.
The neuropsychological development is improving in all patients although all of them show mild to pronounced psychomotor retardation. Magnetic resonance imaging revealed a variety of pathological features in the five patients prior to HCT including hydrocephalus and cystic white matter lesions. In all patients, a regression of intracranial lesions could be seen after HCT.
Discussion
We present first results on five children with Hurler syndrome who received a fludarabine-based radiation-free conditioning regimen for allogeneic HCT. After a median follow-up time of 32 months all children are alive, have experienced only mild treatment-related toxicity, and show sustained donor derived hematopoiesis.
Based on the genotype of the five patients, a severe course of disease with rapid progression was expected. Q70X and W402X (patients 1 and 3) are two mutations common among patients with MPS1H, both encode functional null alleles, and are usually associated with a severe phenotype in homozygous condition. 11 Patients 4 and 5, two cousins, are compound heterozygotes for the null mutation W402X and the missense change A79V. Recombinant A79V IDUA expressed in CHO cells was detected in extremely low amounts (0.1% of wild-type IDUA), suggesting that the enzyme produced from this allele has no activity either. 12 Similarly, a severe course of MPS1 can be predicted by the genotype of patient 2. This boy is compound heterozygote for a likely functional null allele, due to a 1 bp deletion that causes frameshift, and subsequent premature termination of protein translation, and a deletion of 21 nucleotides, that should result in the absence of seven amino acids in a functionally important portion of the protein.
The primary goal of therapy of children with Hurler syndrome is long-term survival with an improved quality of life. Currently, HCT provides the only prospect for longterm survival with preserved intellectual function in these children and early timing of HCT has shown to be crucial to achieve a satisfying outcome.
2,4,5,13 Good long-term results, however, are hampered by a relatively high incidence of graft failure and RRT. The cause for the increased incidence of graft failure has not been well understood. Investigators have hypothesized a relatively normal immune function pre transplant, an abnormal bone marrow microenvironment, 4 and an accelerated busulphan clearance, 14 although the latter has not been supported by more recent work. 15 To date, the results of the North American Storage Disease Collaborative Study Group represent the largest experience with allogeneic HCT in children with Hurler Fludarabine-based preparative regimen for Hurler disease L Grigull et al syndrome. The incidence of graft failure was as high as 15% when a HLA-genotypically identical sibling donor was used. In the unrelated setting, graft failure rate reached 37%. 2, 3 A large percentage of patients reported in these studies were transplanted at the University of Minnesota. Preparative regimens used at this institution in the unrelated setting before included a combination of busulphan, cyclophosphamide, TBI and ATG. Although engraftment rates were encouraging, there was a significant increase in RRT including the lungs. 16 Based on these data, the pilot protocol MHH-Hurler was developed with the objective of increasing the proportion of patients who attain full engraftment, especially if this could be accomplished with minimal toxicity.
In our patients with MPS1H, we used a myeloablative conditioning regimen consisting of fludarabine, busulphan and antithymocyte globuline. Standard total doses of ATG Fresenius for the prevention of GvH in MUD donors are between 60 and 90 mg/kg, where the 60 mg/kg given here is on the lower end of this range. Finke et al used up to 60790 mg/kg b.w. prior to transplantation, in addition to cyclosporin A and short-course methotrexate. 17 Melphalan was added in MUD or MMUD donors. Intravenous busulphan was used to ensure more reliable drug exposure with erratic oral absorption. 18, 19 High-dose melphalan has been shown to be an effective component of preparative regimens to induce durable remissions in patients with acute leukemia and other hematologic malignancies with little extramedullary toxicity. [20] [21] [22] In addition, purine analogs such as fludarabine inhibit the mechanisms of DNA repair after alkylator-induced damage. 7 Several reports have noted that a fludarabine-based conditioning regimen was well tolerated in children with very mild toxicity and no major transplant-related complications or 4grade II graft-versus-host disease. 23 A recent report from Staba et al provided data on cord blood transplantation in children with MPS1H. In that report, all children were fully engrafted, two children died in the context of a variety of complications including viral infections, hemolytic anemia and pulmonary hemorrhage. 24 We observed no transplantrelated mortality and only one patient experienced a lifethreatening situation. Notably, there was no pulmonary toxicity in our series. Pulmonary toxicity is a well-known complication in patients with MPS1H receiving a full marrow graft and busulphan-cyclophosphamide conditioning. 2, 3 This lack of toxicity is likely due to the omission of cyclophosphamide in our regimen, presumably resulting in reduction in its specific alkylator toxicity. Also, pulmonary complications are less common in T-cell-depleted transplantations in general. 25 In the specific case of MPS1H, intensive GvHD-prophylaxis with ATG and/or T-cell depletion may result in the regeneration of alloreactive T-cells at a time when mucopolysaccharides are already cleared from the lungs. T-cell-mediated pulmonary injury may thus be minimized by having the lungs in a less inflammatory state at the time of T-cell reconstitution. As illustrated in our patients, the intensified T-cell depletion did not lead to unusual infectious complications. Heart failure and sudden cardiac death, commonly attributed in Hurler patients to cyclophosphamide cardiotoxicity, 2,3 were also not observed in our series. However, a recent report showed a reversible cardiotoxicity in patients receiving the combination of fludarabine and melphalan. 26 Intravenous busulphan proved safe with respect to CNS complications (eg in sickle cell patients) and was therefore included in our protocol. 19 Engraftment was seen in all five children after a median of 16 days and the grafts were maintained after a median follow-up period of 27 months. Peters et al 3 reported on an engraftment rate of 85% in HLA-identical sibling HCT patients and 65% in HLA haploidentical patients with a total probability of survival of 64% after 5 years. Guffon et al 13 observed a graft failure in 3/13 patients after HLA-mismatched HCT using a conditioning regimen containing busulphan and cyclophosphamide, once more illustrating the inherent problems of nonengraftment after HCT in children with MPS1H. In contrast to this, we used the concept of megadoses of CD34 þ selected cells, which resulted in lower GvHD rates and quick engraftment even in the haploidentical setting. 27 , 28 Kremens et al 29 reported on six children with nonmalignant diseases who received a CD34 þ selected graft from a parental donor. No GvHD 4II, no transplant-related mortality, and timely engraftment were reported in this series.
Decreasing donor chimerism was observed in three patients between days þ 61 and þ 196 after HCT. Donor lymphocyte infusions have been advocated for converting mixed chimerism into full chimerism. 30, 31 It has become clear that DLI can be reasonably safe and effective, even after mismatched HCT, when small enough CD3 þ cell doses are used. Woodard et al 32 provided data on children with refractory aplastic anemia who received DLI (2.5 Â 10 4 /kg CD3 þ cells) after haploidentical HCT. Similar experiences were reported by Bader et al, 30, 31 who could show for children with malignant hematological diseases that immunotherapy is an effective tool to suppress relapses.
Using a decline of donor-derived hematopoiesis over time as an indication for DLI, the administration of donor lymphocyte infusions was incorporated into our transplant protocol. DLI was given at a median dose of 3 Â 10 4 /kg (range 2.5-5) CD3 þ cells, resulting in an increased donor derived hematopoiesis. GvHD after DLI was not seen in our patients. This supports the notion that after CD34 þ -selected HCT, the application of DLI might be a safe therapeutic option in overcoming the problems of rejection in Hurler patients. However, as there are reports on the occurrence of delayed chronic GVHD after DLI, they have to be used with caution. The role of DLI in the setting of inborn metabolic diseases deserves further study.
Although the authors are aware of the small patient number, these first results are encouraging in that HCT for children with Hurler syndrome is feasible using a fludarabine-based radiation-free preparative regimen. Furthermore, on the presented treatment protocol, DLI has shown the potential to stabilize and finally rescue the graft in children that are at risk for graft rejection, a feared and well-known problem in Hurler patients after allogeneic HCT. The data will be the basis for further prospective studies in larger patient cohorts.
